(+)-Epi-biotin differs from (+)-biotin in the configuration of the chiral center at atom C2. This could lead to a difference in the mode of binding of (+)-epi-biotin to streptavidin, a natural protein receptor for (+)-biotin. Diffraction data were collected to a maximum of 0.85 Å resolution for structural analysis of the complex of streptavidin with a sample of (+)-epi-biotin and refinement was carried out at both 1.0 and 0.85 Å resolution. The structure determination shows a superposition of two ligands in the binding site, (+)-biotin and (+)-epi-biotin. The molecules overlap in the model for the complex except for the position of S1 in the tetrahydrothiophene ring. Differences in the conformation of the ring permits binding of each molecule to streptavidin with little observable difference in the protein structures at this high resolution.
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Introduction
The tight binding of biotin to streptavidin (K d ' 10 À13 M; Green, 1963) is the basis for its use in biotechnical applications where tight coupling of molecules is involved. Proteinengineering and synthetic chemistry techniques allow the attachment of these molecules to cells/surfaces/molecules that can then be directed and bound to specific sites containing the other member of the binding duo (for examples, see Schechter et al., 1996; Hirsch et al., 2002; Roberts et al., 2004; Schiestel et al., 2004) . Complexes containing streptavidin and biotin or other ligands have also served as model systems for the study of protein-ligand interactions (Chilkoti et al., 1995; Reznik et al., 1998; Freitag et al., 1999; Hyre et al., 2000) .
To aid in engineering specific and controlled binding activities, extensive investigations of potential ligands for streptavidin have shown that the protein can bind a range of ligands in addition to biotin. Peptides (Katz & Cass, 1997; Korndoerfer & Skerra, 2002 ) and a number of biotin derivatives and analogs (Weber et al., 1994; Katz, 1997; Pazy et al., 2002) have been studied to determine how the binding affinity for these ligands changes as different functional groups are utilized in forming the protein-ligand complex.
We have initiated a study of the interactions between biotin stereoisomers and streptavidin (Aubert et al., 2006) . Here, we report the crystal structure of streptavidin in complex with (+)-epi-biotin. These two molecules differ in the configuration at C2, the chiral C atom in the tetrahydrothiophene ring. The goal of our crystallographic studies was to determine how this biotin derivative binds to streptavidin.
Experimental

Crystallization
Cocrystals of the streptavidin-epi-biotin complex were obtained using vapor-diffusion methods. Solutions of streptavidin (10 mg ml À1 in 10 mM Tris-HCl pH 7.0) and ligand (20-fold excess) were combined and incubated for 5 d at 277 K. Sitting drops were equilibrated against a reservoir solution containing 38% saturated ammonium sulfate, 0.1 M sodium acetate pH 4.5, 0.2 M sodium chloride.
Data collection and processing
Two diffraction data sets were used in the analysis of these crystals. The first (data set I) was collected on an in-house R-AXIS II system. The second (data set II) was collected at SSRL beamline 11-1 with a MAR Research image-plate scanner. Two sets of frames made up these data sets. A lowresolution quick scan yielded reflections to 2.0 Å resolution. The highest resolution reflections were obtained from a second slower scan where a large aluminium beamstop was used to avoid overflows on the image plate.
For both the R-AXIS II and SSRL data collections, the crystals were mounted in 35% glycerol in a loop and flashfrozen at 100 K in a nitrogen stream. Each data set was processed with DENZO and merged and scaled with SCALEPACK (Otwinowski & Minor, 1997) . Data-set statistics are shown in Tables 1 and 2 . The R-AXIS setup for data set I limited its effective resolution. The highest shells contained reflections collected in the corners of the detector and thus are less complete than the lower resolution shells. If the highest resolution obtained in the corner of the detector is 1.5 Å , the resolution at the edge of the detector is about 1.7 Å . This is the resolution where the completeness of the shells drops and this accounts for the overall completeness of 80% for the data set.
The effective resolution of data set II is also less than the maximum limit reported owing to the large number of weak reflections in the outer resolution shells. This contributed to the high R merge values in the highest resolution shells and their lower I/(I). Nevertheless, there were measurable intensities at high resolution, so all of the reflections were used in the refinement.
The unit-cell parameters obtained for data set II are a = 46.39, b = 93.81, c = 104.45 Å . The symmetry of the diffraction pattern indicates that the crystals are orthorhombic and the systematic absences are consistent with space groups I222 or I2 1 2 1 2 1 . V M (Matthews, 1968 ) is 1.88 Å 3 Da À1 for two streptavidin subunits in the asymmetric unit. This corresponds to 34.5% solvent content in the crystal. One of the molecular twofold axes in the streptavidin tetramer (point group D2) is aligned with one of the crystallographic twofold rotation axes.
Structure solution and refinement
The crystals of the complex are isomorphous with those of wild-type streptavidin bound to biotin (PDB code 1mk5), space group I222. A model of streptavidin based on the 1mk5 structure, but without biotin, solvent molecules or alternate amino-acid side-chain conformations, was used as the starting point for the refinement. The structure refinement was carried out using the program SHELXL97 (Sheldrick & Schneider, 1997) , its auxiliary program SHELXPRO and the graphics program XtalView (McRee, 1999) .
The initial refinement and model building made use of the 1.5 Å resolution data set (data set I), but after data set II became available, refinement continued with only that data set at two resolution limits (see Table 3 ). The initial model contained no ligand or solvent molecules. Ligand and solvent molecules were added to the model based on their fit to A -weighted (Read, 1986) |F o | and |F o | À |F c | electrondensity maps. The structural model, including anisotropic atomic displacement parameters for the protein atoms and heteroatoms, was refined against F 2 . All parameters were refined simultaneously and 5% of the data were used for the calculation of R free (Brü nger, 1993 Table 2 Detailed diffraction data statistics for data set II. Merritt & Bacon, 1997) were used to produce the figures. The anisotropic displacement parameters were monitored using the program PARVATI (Merritt, 1999a,b) . Application of the validation program SFCHECK (Vaguine et al., 1999) indicates that the optical resolution limit for the higher resolution data set is 1.03 Å , so refinement was carried out at 1.0 Å resolution. This structural model has been deposited in the Protein Data Bank with PDB code 2gh7 after being validated using PROCHECK (Laskowski et al., 1993) .
To assess whether the reflections between 1.0 and 0.85 Å resolution introduce noise and error into the refinement, refinement was also carried out using data to 0.85 Å resolution. Refinement statistics for this are included in Table 3 and they indicate little difference between the resulting models. Protein Data Bank with PDB code 2f01, again after being validated using PROCHECK.
Results and discussion
The difference electron density showing the biotin ligand in both subunits in the asymmetric unit is displayed in Fig. 1 . The density can be fitted with the model for (+)-biotin found in the wild-type core streptavidin structure (1mk5), but after refinement of this initial model a small positive peak near the biotin S atom was apparent in the difference electron density (see Fig. 2a ). Examination of the isotropic thermal parameters for the biotin ligand (see Table 4 ) showed that the sulfur thermal parameters were considerably higher than those of the other atoms in the ligand. The sulfur thermal parameters were set to the average of those of the atoms to which it was bonded and the resulting difference density is shown in Fig. 2(b) . This density could be accounted for by two partially occupied positions for the sulfur. It is interesting to see that an increase in the B values for the S atoms of 5-10 Å 2 can account for an occupancy difference of 0.3-0.6. This adjustment in B values was sufficient to remove any negative density in the difference map shown in Fig. 2(a) .
Various attempts to include additional components in the disorder model, especially in the valeric acid side chain, failed to refine well, probably owing to a lack of spatial resolution for the disordered atoms. The simplest, best behaved model was that shown in the center of Fig. 3 . Refinement of the occupancies of the alternate locations for the S atoms resulted in occupancies of 0.62 and 0.38 in one subunit and 0.71 and 0.29 in the second. Fig. 4 shows the atom-naming scheme and anisotropic atomic displacement parameters for one of the biotin molecules in the asymmetric unit. Anisotropic atomic displacement parameters (50% ellipsoids) and atom labels for one of the biotin models in the asymmetric unit. The alternate position for the sulfur, if the ligand were purely (+)-biotin, would require additional density for the alternate conformation of the valeric acid side chain. Conversion from the endo to the exo conformation of the ring would lead to a large change in the position of C6, the first atom in the side chain. Alternatively, the second sulfur position would be consistent with the presence of (+)-epi-biotin with an exo ring conformation. The model with two sulfur positions and a single side-chain conformation is best interpreted as being a superposition of (+)-endo-biotin and (+)-exo-epi-biotin as shown in Fig. 3 . Sulfur position A (occupancy of 0.62) corresponds to (+)-endo-biotin, while position B (occupancy of 0.38) corresponds to (+)-exo-epibiotin.
The streptavidin sample used in this study also provided crystals for another study in which no ligand was found in the binding site. Thus, the likely source of the (+)-biotin seen here was the (+)-epi-biotin sample (Aubert et al., 2006) .
The presence of (+)-exo-epi-biotin does not cause any significant change in the protein structure. The structure of this complex is superimposable with the isomorphous 1mk5 structure, the biotin complex of wild-type core streptavidin. The S atom from epi-biotin is close to two side chains (Thr90 and Leu110) which might move slightly to make room for the larger atom. However, these side chains show evidence of multiple conformations in both the (+)-biotin and (+)-epibiotin complexes, so it is not clear whether the differences between the two structures are associated with the identity of the ligand or simply reflect differences in the model building and refinement.
There are no changes in the position of the carboxylate of the valeric acid tail of biotin, but this is expected since the switch of the two ring conformations places the C6 atom in the same position for both biotin molecules comprising the disordered model. However, the region near the biotin molecule is relatively open and if epi-biotin took on the endo conformation there is sufficient flexibility in the valeric acid tail to permit the carboxylate group to continue to participate in the hydrogen bonds found in the (+)-biotin complex.
The high-resolution diffraction data available for this complex permit a rather clear description of the disordered biotin molecules bound to the protein (see Fig. 3 ). In addition, near the end of the refinement, H atoms were clearly apparent for a well ordered part of the protein (see Fig. 5 ). Addition of H atoms at calculated positions improved the accuracy of the model and removed the peaks from the difference maps. A further gauge of the accuracy of the data-collection protocols can be obtained from the difference electron-density map calculated after six cycles of refinement of the model with the biotin ligands removed. In addition to resolved atoms in the ligand, the peak heights for the difference density are consistent with the differences in scattering power for the C, N, O and partially occupied S atoms. The peaks in the first biotin molecule for atoms in the ureido moiety are 12.5, 18.7, 18.0, 22.5 and 33.6 for atoms C2 0 , N1 0 , N3 0 , O2 0 and S1 (0.6 occupancy), respectively. For the second biotin, the corresponding peak heights are 16.9, 19.8, 21.6, 24.5 and 37.7.
Further studies of the conformational properties of (+)-epibiotin will investigate whether the molecule prefers the exo or endo conformation in solution. It appears that either conformation would fit in the protein's binding site for biotin, so further work will be needed to determine whether the protein selects molecules with the exo conformation or whether that is the conformation preferred by most of the (+)-epi-biotin molecules.
Our expectation was that the difference in configuration at C2 for (+)-biotin and (+)-epi-biotin would yield a different structure for the (+)-epi-biotin complex. It is interesting that the endo/exo change in the ring conformation allows (+)-epibiotin to overlap so closely with (+)-biotin in streptavidin's
